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ABSTRACT 
This research objective is to determine the effect of temperature on the kinetics of bulk 
polymerization of methyl acrylate. Because of previous research has mentioned that free 
radical polymerization is poorly controlled and results in high molecular weight, this 
research will be run at certain temperature which can be considered high but it should 
be lower than the boiling point of the monomer itself. The method used in this research 
is by using Differential Scanning Calorimetry (DSC). The DSC will measure the heat 
flow associated with polymerization as a function of time in a controlled atmosphere. 
Therefore, the change in the kinetics of polymerization based on temperature can be 
determined by using this equipment. The graph for heat flow versus time is recorded by 
DSC software until the reaction is completed. By referring to the graph it can be seen 
that the reaction rate of polymerization increase with the increase of temperature. As a 
conclusion, from this research, it can be seen that changing the temperature can affect 
polymerization kinetics of methyl acrylate. 
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ABSTRAK 
 
Dalam kajian ini, objektifnya adalah untuk menentukan kesan suhu ke atas kinetik 
pempolimeran pukal metil akrilat. Pempolimeran radikal bebas telah dipilih sebagai satu 
proses untuk menjalankan kajian ini. Walaubagaimanapun, penyelidikan sebelum ini 
telah menyebut bahawa pempolimeran radikal bebas, sukar untuk mengawal proses dan 
menyebabkan berat molekul meningkat, akan tetapi, kajian ini akan dijalankan pada 
suhu tertentu yang boleh dianggap lebih tinggi tetapi ia harus lebih rendah daripada 
takat didih monomer itu sendiri. Oleh yang demikian, proses pempolimeran boleh 
dikawal dan sekaligus dapat mengurangkan berat molekul. Kaedah yang digunakan 
dalam kajian ini adalah dengan menggunakan peralatan yang dikenali sebagai 
Kalorimeter Pengimbasan Perbezaan (DSC). DSC akan mengukur suhu dan aliran haba 
yang berkaitan dengan peralihan dalam bahan-bahan sebagai fungsi masa dan suhu 
dalam suasana yang terkawal. Oleh itu, perubahan dalam kinetik pempolimeran 
berdasarkan suhu boleh ditentukan dengan menggunakan peralatan ini. Graf bagi 
pengaliran haba berbanding masa direkodkan oleh perisian Calorimetry sehingga tindak 
balas pempolimeran selesai. Dengan merujuk kepada graf, dapat dilihat bahawa kadar 
tindak balas pempolimeran meningkat dengan peningkatan suhu. Kesimpulannya, 
kajian ini, ia boleh dilihat bahawa perubahan suhu boleh menjejaskan pempolimeran 
kinetik metil akrilat.  
 X 
TABLE OF CONTENTS 
 
SUPERVISOR’S DECLARATION ............................................................................... IV 
STUDENT’S DECLARATION ...................................................................................... V 
Dedication ....................................................................................................................... VI 
ACKNOWLEDGEMENT ............................................................................................. VII 
ABSTRACT ................................................................................................................. VIII 
ABSTRAK ...................................................................................................................... IX 
TABLE OF CONTENTS ................................................................................................. X 
LIST OF FIGURES ........................................................................................................ XI 
LIST OF TABLES ......................................................................................................... XII 
LIST OF ABBREVIATIONS ...................................................................................... XIII 
1 INTRODUCTION .................................................................................................... 1 
1.1 Motivation and statement of problem ................................................................ 1 
1.2 Objectives ........................................................................................................... 2 
1.3 Scope of this research ......................................................................................... 3 
1.4 Main contribution of this work .......................................................................... 3 
1.5 Organisation of this thesis .................................................................................. 3 
2 LITERATURE REVIEW ......................................................................................... 5 
2.1 Overview ............................................................................................................ 5 
2.2 Monomer ............................................................................................................ 5 
2.3 Properties of methyl acrylate ............................................................................. 6 
2.4 Formula of methyl acrylate ................................................................................ 6 
2.5 Free radical polymerization ................................................................................ 7 
2.6 Initiator ............................................................................................................. 10 
2.7 Inhibitor ............................................................................................................ 11 
2.8 DSC as a tool to measure reaction rate ............................................................ 12 
3 MATERIALS AND METHODS ............................................................................ 14 
3.1 Chemicals ......................................................................................................... 14 
3.2 Equipment ........................................................................................................ 14 
3.3 Sample preparation ........................................................................................... 15 
3.4 Method description ........................................................................................... 16 
3.5 Effect of temperature on kinetics of bulk polymerization analysis .................. 16 
3.6 Flow diagram of analysis ................................................................................. 17 
4 KINETICS OF BULK POLYMERIZATION OF METHYL ACRYLATE .......... 18 
4.1 Introduction ...................................................................................................... 18 
4.2 Results and discussion...................................................................................... 18 
4.3 Comparison between results obtained and literature study .............................. 19 
4.4 Graph of heat flow of polymerization of methyl acrylate versus time at every 
temperature ................................................................................................................. 21 
4.5 Discussions ....................................................................................................... 23 
5 CONCLUSION ....................................................................................................... 25 
5.1 Conclusion........................................................................................................ 25 
5.2 Recommendation .............................................................................................. 25 
REFRENCES .................................................................................................................. 26 
APPENDICES ................................................................................................................ 28 
 
 XI 
LIST OF FIGURES 
 
Figure 1:Chemical compound of methyl acrylate ............................................................. 6 
Figure 2: Initiation of AIBN. Source from (George Odian, 2004) ................................... 8 
Figure 3: Propagation of methyl acrylate with AIBN. Retrieve from 
http://polychem.xicp.net/polymerworld/gfzwf203/Chapter3/pic ..................................... 9 
Figure 4:Termination step by combination Retrieved from 
http://plc.cwru.edu/tutorial/enhanced/files/polymers/synth/synth.htm ............................. 9 
Figure 5:Termination step by disproportionation. Retrieved from 
http://plc.cwru.edu/tutorial/enhanced/files/polymers/synth/synth.htm ............................. 9 
Figure 6:Chemical compound of azobisisobutyronitrile (AIBN). Adapted from 
http://science.uvu.edu/ochem .......................................................................................... 10 
Figure 7:Differential Scanning Calorimetry (DSC) ........................................................ 15 
Figure 8:Flow diagram of experiment ............................................................................ 17 
Figure 9: Graph of isothermal heat flow versus time (Source from Keenan, 1987) ....... 19 
Figure 10:Graph of heat flow versus time for all samples at different temperatures 
(Isothermal) ..................................................................................................................... 20 
Figure 11:Graph of heat flow versus time at temperature 35°C for first and second 
sample ............................................................................................................................. 21 
Figure 12: Graph of heat flow versus time at temperature 45°C for the first and second 
sample ............................................................................................................................. 21 
Figure 13: Graph of heat flow versus time at temperature of 55°C for first and second 
sample ............................................................................................................................. 22 
Figure 14: Graph of heat flow versus time at temperature 65°C for the first and second 
sample ............................................................................................................................. 22 
Figure 15: Graph of heat flow versus time at temperature 75°C for first and second 
sample ............................................................................................................................. 23 
 
 
 
 XII 
LIST OF TABLES 
 
Table 1: Physical and chemical properties of methyl acrylate ......................................... 6 
Table 2: Mass of monomer at every temperature for each sample ................................. 18 
Table 3:Heat flow of polymerization of methyl acrylate at starting point for each 
temperature ..................................................................................................................... 19 
Table 4: Heat flow of polymerization of methyl acrylate at starting point for each 
temperature……………………………………………………………………………..24 
 
  
 XIII 
LIST OF ABBREVIATIONS 
 
DSC  Differential scanning calorimetry 
FRP  Free Radical Polymerization 
ARTP  Atomic Radical Transfer Polymerization 
RAFT  Reversible Addition Fragmentation Chain Transfer 
AIBN  Azobisisobutyronitrile 
 
 
 1 
1 INTRODUCTION 
 
1.1 Motivation and statement of problem 
Polymers have existed in natural form since life began such as DNA, RNA, 
proteins and polysaccharides play a very important role in plant and animal life. From 
the earliest times, man has exploited naturally-occurring polymers like cotton, wool 
(cellulose) as materials for providing clothing, shelter, tools, writing materials and other 
tools. Since polymers are very useful, polymerization has been introduced. The term 
polymer stems from the Greek roots poly (many) and meros (part). Polymers contain 
thousands to millions of atoms in a molecule that is large and they are prepared by 
joining a large number of small molecules called monomers (Manas Chanda, 2006). 
Polymerization is the process in which monomer units are linked by chemical reaction 
to form long chains. These long chains set polymers apart from other chemical species 
and give them their unique characteristic properties (Dotson, 1996). The polymer chains 
can be linear, branched, or cross-linked. Polymerization can proceed according to two 
different mechanisms, referred to as chain growth and step-growth polymerization. In 
chain-growth polymerization (also called addition polymerization) reaction occurs by 
successive addition of monomer molecules to the reactive end (e.g. a radical end) of a 
growing polymer chain. Chain-growth polymerization can be classified (in order of 
commercial importance) as radical, coordination, anionic, or cationic polymerization, 
depending on the type of initiation. (Hans-Geong, 2005). In step polymerization, the 
polymer build-up proceeds through a reaction between functional groups of the 
monomers. The reaction takes place in a step-wise-manner (i.e., one after another), and 
the polymer build-up is, therefore, slow (unlike in chain polymerization where the chain 
growth is in rapid reaction). Even though many known reactions with organic functional 
groups can be made use in step polymerization, condensation, addition, ring-opening, 
amidation and ester-interchange reaction are widely practiced (Gowariker V.K., 
Viswanathan N.V. and Sreedhar J, 1986). However, for this research, the most 
concerning part is only for free radical polymerization methyl acrylate can be 
polymerized by FRP only.   
Free radical polymerization (FRP) is the most widely practiced method of 
radical polymerization, and is used almost exclusively for preparation of polymers from 
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monomers of general structure (Robert J. Young and Peter A. Lovell, 2011). 
Furthermore, free radical is the most versatile type of chain growth. Most of the 
monomers are available for this type of method. On top of that, FRP is the most robust 
method, which means that it is less sensitive to solvent, impurities and atmospheric 
conditions. Therefore, it is easier and efficient to run the process using this method. 
However, there must be limitations on using FRP method. For examples, it is lack of 
control over PDI and difficult to make well defined block copolymers. (Paula 
Hammond, 2006). The four most commonly used methods for performing free radical 
polymerization are bulk, solution, suspension and emulsion polymerization. In this 
research project, bulk polymerization has taken into consideration. To be specified, the 
aim of this research is to determine the effect of temperature on the kinetics of bulk 
polymerization of methyl acrylate. This means, only bulk polymerization takes place in 
this research. Theoretically, when the temperature is increased, the speed of reaction 
will be increased leading to an increase in the rate of reaction (George Odian, 2004). 
Hence, to find whether the theory is acceptable or not, this research is going to take 
place. 
According to Kelly A. Davis et al. (1999) they stated that free radical 
polymerization is poorly controlled and therefore leads to the increase in molecular 
weight early in the polymerization. Hence, they came out with atomic transfer radical 
polymerization (ATRP). By using relevant reaction temperature is an alternative way to 
produce low molecular weight polymer. At elevated temperature, the reactions become 
significant (Ahmad et al. (1998); McCord et al. (1997); Plesis et al. (2000)). Producing 
low molecular weight polymers using suitable reaction temperatures can decrease the 
process cost while minimizing the impurities of the reaction system. However, in terms 
of relevant temperature means, the temperature should be high enough but must be 
lower than the boiling point of monomer itself. 
1.2 Objectives 
The following are the objectives of this research: 
 To investigate the effect of temperature on the kinetics of bulk polymerization of 
methyl acrylate. 
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1.3 Scope of this research 
The following are the scope of this research: 
i. Examining kinetics of bulk polymerization of methyl acrylates by using 
Differential Scanning Calorimetry (DSC). 
ii. Analyzing the temperature effect on polymerization kinetic of methyl 
acrylates. 
1.4 Main contribution of this work 
The following are the contributions, by modelling the kinetics of material reactions 
provides the scientist and engineer with valuable information for: process development 
and prediction of optimum reaction temperatures, process control by optimization of 
reaction advancement or conversion, and estimation of material lifetimes. 
1.5 Organisation of this thesis 
The structure of the reminder of the thesis is outlined as follow: 
Chapter 2 provides a description of the monomer and initiator used. General 
descriptions on the process of polymerization, as well as the kinetics of polymerization 
by using differential scanning calorimetry (DSC) are discussed in this chapter. This 
chapter also provides a brief discussion of the advantage of using the selected initiator 
which is Azobisisobutyronitrile (AIBN). A brief discussion on inhibitor is also 
provided.   
Chapter 3 gives a review of the DSC approach applied for kinetics of polymerization of 
methyl acrylate. General discussion on the advantages and its uses of using DSC and to 
analyse the kinetics is also presented.  The materials used in this research project are 
described in this chapter. The procedure of preparing the sample and analyse the effect 
of temperature on the kinetics of bulk polymerization are also presented.  
Chapter 4 provides the results obtained from the experiment by using five different 
temperatures, 35°C, 45°C, 55°C, 65°C and 75°C. The graph of heat flow versus 
temperature for every temperature is shown in this chapter. Also, the trend of isothermal 
graph from the literature is presented to compare with the trend of the graph obtained 
from the experiment. A detailed discussion of the results obtained is introduced in this 
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chapter. Comparison with the theoretical statement is also provided to ensure the results 
obtained are standardized with theory.  
Chapter 5 draws together a summary of the thesis and the conclusion of the thesis are 
made in this chapter.  
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2 LITERATURE REVIEW 
 
2.1 Overview 
This paper presents the experimental studies of the effect of temperature on kinetics of 
bulk polymerization of methyl acrylate. Methyl acrylate has been chosen as a monomer 
while AIBN is chosen as the initiator. Five different temperatures are used in this 
experiment which is 35°C, 45°C, 55°C, 65°C and 75°C. Bulk polymerization is the 
method of polymerization process used with the used of equipment called DSC. The 
kinetics of polymerization is studied based on the heat flow obtained from the DSC at 
different temperatures. At high temperature, the heat flow obtained is higher compare to 
the used of low temperature.  
2.2 Monomer 
There are many types of polymer to be used in industry nowadays. Most of them 
are organic compounds which have many applications and their advantages in the 
industry. However, in this research project, methyl acrylate has been chosen as the 
monomer to be used. Methyl acrylate offers significant advantages as an additive in 
copolymer-based adhesives, fibers, non-acrylic polymers (food packaging), and plastics. 
It is also used as the starting block for anti-oxidants and amino esters. On top of that, 
there are several advantages listed; for example, its flexibility, weatherability, adhesion, 
internal plasticization, wide range of hardness, resistance to abrasion and oils or greases. 
Methyl acrylate is an organic compound with the formula CH2CHCO2CH3. It is mainly 
produced to make acrylate fibre, which is used to weave synthetic carpets. Furthermore, 
methyl acrylate is also used for polymer manufacturing and act as raw materials for 
syntheses, formulating paints and dispersions for paints, inks, and adhesives. In 
addition, it is also useful in making aqueous resins and dispersions for textiles and 
papers.  
Previously, (Nasir M. Ahmad, Frank Heatley and Peter A. Lovell , 1998) have 
been investigating the effect of temperature on kinetics of n-butyl acrylate. They used n-
butyl acrylate as a monomer instead of methyl acrylate. Different monomer gives 
different characteristic and properties. But, theoretically, the increase of temperature 
leads to increase in the kinetics of reaction, therefore making the reaction goes faster. 
The aim of the research is to study the kinetics of the reaction at different temperatures.  
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Monomer can be polymerized under the influence of heat, light, ionic or high 
energy mechanisms, but using a method of free radical initiation is the most commonly 
used method of polymerization to get the best results (Alfred Rudin, 1999). 
2.3 Properties of methyl acrylate 
Table 1: Physical and chemical properties of methyl acrylate 
PHYSICAL AND CHEMICAL PROPERTIES 
Physical State clear liquid 
Melting Point -74 C 
Boiling Point 79 – 81 C 
Specific 
Gravity 
0.953 – 0.958 
Solubility In 
Water 
slightly soluble (52 g/l) 
Solvent 
Solubility 
Soluble in ether and alcohol 
Molecular 
weight 
86.09 
Sources from http://www.chemicalland21.com 
2.4 Formula of methyl acrylate 
 
CH2=CHCOOCH3 
 
Figure 1:Chemical compound of methyl acrylate 
Adapted from http://www.wikipedia.com 
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2.5 Free radical polymerization 
Radical polymerization is a chain reaction and involves three fundamental steps: 
initiation, propagation and termination. Additionally, chain transfer is involved. The 
reactions of monomers can occur by the absorption of heat or light, but usually an 
initiator is added. The initiator is a weak organic compound which can be decomposed 
thermally or by the irradiation to produce free radicals, which are molecules atoms with 
unpaired electrons (Tatjana Haramina, 2004). 
The four most commonly used methods for performing free-radical 
poymerization are bulk, solution, suspension and emulsion polymerization (Robert 
J.Young and Peter A. Lovell, 2011). As mention above, bulk polymerization is the 
method to be used in this research. The most common type of addition polymerization is 
free radical polymerization. A free radical is simply a molecule with an unpaired 
electron. The tendency of this free radical to gain an additional electron in order to form 
a pair makes it highly reactive leading to break the bond on another molecule by 
stealing an electron, leaving that molecule with an unpaired electron (which is another 
free radical). Free radicals are often created by the division of a molecule (known as an 
initiator) into two fragments along a single bond.   
The stability of a radical refers to the molecule's tendency to react with other 
compounds. An unstable radical will readily combine with many different molecules. 
However a stable radical will not easily interact with other chemical substances. The 
stability of free radicals can vary widely depending on the properties of the molecule. 
The active center is the location of the unpaired electron on the radical because this is 
where the reaction takes place. In free radical polymerization, the radical attacks one 
monomer, and the electron migrates to another part of the molecule. This newly formed 
radical attacks another monomer and the process is repeated. Thus the active center 
moves down the chain as the polymerization occurs (Robert J.Young and Peter A. 
Lovell, 2011). There are three steps involve in FRP which are initiation step, 
propagation step, termination step. These three steps are very important in order for the 
process to run smoothly. 
Initiation (Figure 2) is the first step to start free radical polymerization process. 
This step begins when an initiator decomposes into free radicals in the presence of 
monomers. This free radical is represented by dots. The instability of carbon-carbon 
double bonds in the monomer makes them susceptible to reaction with the unpaired 
electrons in the radical. In this reaction, the active centre of the radical "grabs" one of 
 8 
the electrons from the double bond of the monomer, leaving an unpaired electron to 
appear as a new active center at the end of the chain. Addition can occur at either end of 
the monomer (George Odian, 2004). The most common method, however, involves the 
use of thermomobile compound, called initiator which decomposes to yield free radicals 
when heated (Manas Chanda, 2006). The dissociation of an initiator forms a pair of 
radicals R•. Initiation involves a reaction between the initiator and the monomer itself. 
Only a few initiators suitable for polymerization in aqueous system have been fully 
investigating (Alfred Rudin, 1999). Based on previous researched, the best initiator for 
organic phase such as methyl acrylate is known as azoisobutyronitrile (AIBN) (S. 
Sivaram, 1991). 
 
 
Figure 2: Initiation of AIBN. Source from (George Odian, 2004) 
 
After the initiation step has occurred, it is then followed by propagation, (Figure 
3) in which the chain starts to grow longer, taking place by successive addition of a 
large number of monomer molecules. The monomer addition takes place in the process, 
thus the size of chain is increased by one monomer unit, while the radical centre is 
transferred to the end of monomer unit (Manas Chanda, 2006).  
The radical site at the first monomer attacks the double bond in the fresh 
monomer molecule. This process will continue until the free-radical site being killed by 
some impurities or termination process. This process produces a large number of 
repeating units of the monomer. In free radical polymerization, the entire propagation 
reaction usually takes place within a fraction of a second. Thousands of monomers are 
added to the chain within this time. The entire process stops when the termination 
reaction occurs (Figure 4 and 5), (George Odian, 2004). The step is shown below on 
how the monomer reacts with the initiator (AIBN). Symbol of M represent the 
monomer which is methyl acrylate and the dot represents the free radical.  
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Figure 3: Propagation of methyl acrylate with AIBN. Retrieve from 
http://polychem.xicp.net/polymerworld/gfzwf203/Chapter3/pic 
 
Theoretically, the propagation reaction could continue until the supply of 
monomers is exhausted. However, this outcome is very unlikely. Most often the growth 
of a polymer chain is halted by the termination reaction. Termination typically occurs in 
two ways: combination and disproportionation. First, two propagating chains are 
terminated when the two radicals are combined to form an electron-pair bond. Only one 
polymer chain is obtained without double bond (Carraher, 2008). Figure 4, depicts 
combination, with the symbol (R) representing the rest of the chain and X representing 
the alkyl group. 
 
 
Figure 4:Termination step by combination Retrieved from 
http://plc.cwru.edu/tutorial/enhanced/files/polymers/synth/synth.htm 
 
Second method of termination is by disproportionation. Disproportionation halts 
the propagation reaction when a free radical strips a hydrogen atom from an active 
chain. A carbon-carbon double bond takes the place of the missing hydrogen. Two 
polymer chains are obtained; one with double bond and the other one with single bond. 
Termination by disproportionation is shown in Figure 5. 
 
Figure 5:Termination step by disproportionation. Retrieved from 
http://plc.cwru.edu/tutorial/enhanced/files/polymers/synth/synth.htm 
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2.6 Initiator  
The initiator is a source of any chemical species that reacts with a monomer 
(single molecule that can form chemical bonds) to form an intermediate compound 
capable of linking successively with a large number of other monomers into a polymeric 
compound. In a free radical addition polymerization, the choice of polymerization 
initiator depends mainly on two factors: a) its solubility and b) its decomposition 
temperature. If the polymerization is performed in an organic solvent such alcohol and 
toluene, then the initiator should be soluble in that solvent and the decomposition 
temperature of the initiator must be at or below the boiling point of the solvent. 
Commonly, Azobisisobutyronitrile (AIBN) and Benzoyl peroxide suit these 
requirements. 
In this research, AIBN (Figure 6) has been chosen as an initiator because it is 
safer to use than benzoyl peroxide because the risk of explosion is far less (Alfred 
Rudin, 1999). However, it is still considered as an explosive compound when 
decomposing above 65°C. A respirator dust mask, protective gloves and safety glasses 
are recommended while dealing with this chemical compound. 
The functionality of initiators depends on the presence of functional end groups 
such as hydroxyl and carbonyl, or azo and perester bonds which undergo dissociation to 
alkyl, alkoxy or acyloxy radicals under the influence of temperature or irradiation 
(Pabin-Szafko, 2009). According to (Gowariker. V. K, Viswanathan. N. V and Sreedhar 
J , 1986) in free radical polymerization, the initiator concentration is very low and the 
growing chain interaction with the initiator may be very small. The initiator accelerating 
influence of polymerization rate not exactly catalysts since they are changed chemically 
in the polymerization. Azo compound is any organic chemical in which the azo group 
(−N=N−) is part of the molecular structure. The atomic groups attached to the nitrogen 
atoms may be of any organic class. 
 
Figure 6:Chemical compound of azobisisobutyronitrile (AIBN). Adapted from 
http://science.uvu.edu/ochem 
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Azobisisobutyronitrile (AIBN) is an organic compound with the formula 
[(CH3)2C(CN)]2N2). It is a white powder that soluble in alcohols and organic solvent but 
insoluble in water. It is often used as a foamer in plastics and rubber process. In its most 
characteristic reaction, AIBN decomposes by eliminating a molecule of nitrogen gas to 
form two 2-cyanoprop-2-yl radicals. These radicals can initiate the free radical 
polymerization and other radical-induced reactions. The dissociation of azo compound 
is not due to the presence of a weak bond as in the case of the peroxy compound. As 
discuss in (George. O, 2004) the C-N bond dissociation energy is high about 290 
KJ/Mol-1 but the driving force for homolysis is the formation of the highly stable 
nitrogen molecule. The initiators are used at different temperatures depending on their 
rates of decomposition. Thus, AI N is commonly use  in   -    C  acuity peroxi e at 
  -    C   enzoyl peroxi e at   -    C an   icumyl or  i-t- utyl peroxi e at  2 - 4   C.  
2.7 Inhibitor  
Inhibitor is a chemical substance capable of inhibiting or killing the chain 
growth by combining with the active free radicals and forming either stable products or 
inactive free-radicals. Hydroqunone, nitrobenzene, dinitrobenzene and benzothiazine 
are some of the inhibitors commonly used in the polymer industry (Gowariker. V. K, 
Viswanathan. N.V and Sreedhar J, 1986).  
When inhibitors are added to the growing chain of polymer, it will form the 
polymer chain with an inhibitor end group carrying radical site. So, this resonance-
stabilized free radical end is not active enough to attack a fresh monomer molecule and 
add it on to the chain. No further propagation can take place (Alfred Rudin, 1999). 
Therefore, the inhibitor should be removed from the monomer to get the best results. To 
remove inhibitor, aluminium oxide is used so that fresh monomer is obtained and the 
process can be preceded to the next stage.  
A major use of inhibitors is in the preservation of monomers during production 
and storage. Without inhibitors the monomers cannot be transported from one place to 
another and also cannot be stored before actual use (Paula Hammond, 2006). Inhibitors 
are also used in the polymer industry for the purpose of arresting the polymerization 
beyond a certain conversion as to achieve a uniform product and avoid cross-linking. 
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2.8 DSC as a tool to measure reaction rate 
Kinetic has a bearing on the speed of a reaction under a given set of condition 
such as polymer molecular weight, chemical composition and extent of polymer 
conversion on how condition affected the kinetics of polymerization (Gowariker, 2009). 
In this research, kinetics of bulk polymerization is studied using DSC. DSC is used to 
measure heat flow into or out of a sample as it is exposed to a controlled thermal 
profile.  DSC provides both qualitative and quantitative information about material 
transitions such as the glass transition, crystallization, curing, melting, and 
decomposition. For some of these transitions, DSC can provide not only the temperature 
at which the transition (reaction) occurs and how much heat total is involved, but DSC 
can also provide valuable information about the rate (kinetics) of reaction (Keenan, 
1987).  Furthermore, with the advent of easy-to-use computer based data analysis 
programs, the ability to obtain such kinetic information has become more practical 
(Borchardt and Daniels, 1956). 
With DSC, the kinetics of a polymerization can be determined by three different 
approaches; single dynamic heating experiment, multiple dynamic heating experiments 
(three or more different heating rates), and isothermal studies at three or more different 
temperatures. However, this research is going to use isothermal studies for five 
difference temperatures. The isothermal approach provides the highest degree of 
accuracy of the kinetics of a polymer material (Pope and Judd, 1977). This is because 
the maintenance of isothermal conditions eliminates potential problems such as the 
occurrence of thermal gradients. Performing proper isothermal studies requires a DSC 
instrument with a very fast response time. This ensures the sample and instrument can 
equilibrate quickly once the isothermal target temperature is obtained (Sichina, 1987). 
The advantage of using DSC for kinetics study is it tends to be faster and more 
straightforward than other methods. On top of that, the isothermal method offers the 
advantages of easier data interpretation and broader applicability (Gabbott, 2007). 
Although the isothermal experiments may be more time consuming, they often generate 
more reliable kinetic parameters.  This is because; isothermal method introduces fewer 
experimental variables into a single measurement so that the scope for ambiguity in the 
interpretation of data is reduced (Waters & Paddy, 1988). 
The kinetics of reaction provide the scientist and engineer with valuable 
information for  process development and prediction of optimum reaction temperatures, 
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process control by optimization of reaction advancement or conversion, and estimation 
of material lifetimes (Prime, 1973). Based on DSC reading, an increase in temperature 
leads to increase in the flow of heat. The heat flow can determine how fast the reaction 
goes. As the reaction is keep running, at certain time, the heat flow will become 
constant and independent to time. It shows that the reaction is completed and thus, the 
next temperature can be run and analyze the reaction kinetics. 
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3 MATERIALS AND METHODS 
 
3.1 Chemicals  
Chemicals were obtained from Sigma-Aldich. Three chemicals were used in this 
research. First, methyl acrylate (M27301-1L) is used as a liquid monomer (99% purity). 
The monomer should be kept in the fridge since it cannot expose to the temperature 
above 4°C. Second, Azobisisobutyrylnitrile (AIBN) is in liquid form (98% purity), used 
as an initiator to react with the monomer to form a polymer. Last, aluminium oxide is 
used to purify the stabilized monomer by removing the inhibitor. 
3.2 Equipment 
Differential Scanning Calorimetry (DSC) 
Source/ supplier: Research Instrument 
Model No. : DSC Q100 
Series No. : Q1000-0567 
 
Differential Scanning Calorimetry, or DSC, is thermal analysis techniques which 
 etermine how material’s heat capacity (Cp) is changed with temperature. A sample of 
known mass is heated or cooled and the changes in its heat capacity are tracked as 
changes in the heat flow. This allows the detection of kinetics, transitions like melts, 
glass transitions, phase changes, and curing. Because of this flexibility, DSC is used in 
many industries including pharmaceuticals, polymers, food, paper, printing, 
manufacturing, agriculture, semiconductors, and electronics as most materials exhibit 
some sort of transitions (Gabbott, 2007).  
The biggest advantage of DSC is the ease and speed by which it can be used to 
see transitions in materials. DSC is the most common thermal analysis technique and is 
found in many analytical, process control, quality assurance and R&D laboratories. 
DSC is a primary technique for measuring the thermal properties of materials to 
establish a connection between temperature and specific physical properties of 
substances and is the only method for direct determination of the enthalpy associated 
with the process of interest (Hohne, 1996 and Privalov, 1986). 
Differential Scanning Calorimetry (DSC) measures the temperatures and heat 
flows associated with transitions in materials as a function of time and temperature in a 
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controlled atmosphere. These measurements provide quantitative and qualitative 
information about physical and chemical changes that involve endothermic or 
exothermic processes, or changes in heat capacity. By using DSC, it can determine 
reaction kinetics, melting and boiling points, heats of fusion and reactions, specific heat, 
oxidative/thermal stability, rate and degree of cure and purity of certain materials 
(Lauren, 2010). 
 
 
Figure 7:Differential Scanning Calorimetry (DSC) 
Source from (Leuven, 2010) 
3.3 Sample preparation 
Column chromatography method is a method used for preparing methyl acrylate 
without inhibitor (Viciosa et al.,2007). By using this method, the inhibitor in methyl 
acrylate was removed by using aluminium oxide. Firstly, aluminium oxide was poured 
into the column and then the methyl acrylate will flow down to the column. After that, 
the aluminium oxide will absorb the inhibitor from methyl acrylate. The removal of 
inhibitor was needed so that fresh monomer can be obtained. Inhibitor was used in the 
preservation of monomer. If the inhibitor was not removed from the monomer, the 
radical site end was not active enough to attack the fresh monomer. Therefore, 
propagation step cannot take place and the desired product cannot produce (Lewis, 
2010). Finally, the fresh methyl acrylate (without the inhibitor) was ready for the 
polymerization reaction. Then, approximately 5.0mg sample of the methyl acrylate 
(without inhibitor) and azobisisobutyronitrile (AIBN) solution were put into the pan 
using micropipette. To make sure the weight of methyl acrylate and AIBN solution 
were below 5mg, this method was done on the analytical balance. The weight must not 
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exceed 5mg because the pan of DSC provides only 5mg of each sample to run in the 
DSC and to avoid any leakage while running the process in the DSC. 
 
3.4 Method description 
For the methodology part, free radical polymerization (bulk polymerization) is 
used to conduct this research project by using DSC under constant temperature 
(isothermal). This is one of the simplest methods where the monomer is injected with 
initiator to form a polymer (Robert J. Young and Peter A. Lovell, 2011). For this case, 
methyl acrylate as a monomer was poured into an aluminium pan of DSC, and the 
initiator which is the AIBN was injected into it. Once the monomer and AIBN were 
mixed together in the pan of DSC, the process of polymerization starts to occur. By 
using this method, it can reduce the time while minimizing the cost as it is the simplest 
method rather than using an advance method such as ARTP and RAFT (Mohammad Ali 
Semsarzadeh and Mohammad Reza Rostami Daronkola, 2006). 
 
3.5 Effect of temperature on kinetics of bulk polymerization analysis 
Firstly, aluminium pan with the sample solution and initiator was covered with 
the lid. Then, the weight of this pan with lid and its sample solution was measured by 
analytical balance to get the sample weight. The weights of sample size must not more 
than 5mg because the DSC can only process a sample of less than 5 mg to avoid any 
leakage which might affect the results and also might damage the DSC itself. The next 
step, both of the reference lid and sample lid were put into the heater. Then, all the 
measurements were recorded in the differential scanning calorimetry software. The 
temperature of the polymerization of methyl acrylate was firstly set at 35˚C and the 
DSC was ready to be run. Once completed, the graph for heat flow versus time was 
recorded by DSC software.  The experiment was repeated using different temperatures 
but with nearly constant mass of sample solution. This experiment was run for 20 
minutes on every sample. 
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3.6 Flow diagram of analysis 
 
 
Figure 8:Flow diagram of experiment 
 
 
 
 
 
5.0 mg of sample of the methyl acrylate and AIBN solution were injected 
into the pan of DSC.  
The pan was covered with the lid provided and clamped. 
Weight of the pan (with lid and its sample) was measured to get the sample 
weight. 
Reference mass, the weight of the pan with lid (without any sample) was 
measured. 
Reference and sample pans were put inside the heater of DSC. 
All the measurements were recorded in the differential scanning calorimetry 
(DSC) software. 
The temperature was set at 35 oC for 20 minutes. 
The graph for heat flow versus time was recorded by software until the 
reaction completed. 
 The experiment was repeated using another four temperatures which are 45o 
C, 55o C, 65 o C and 75o C at 20 minutes. 
